In fish, axons that originate in the olfactory bulb innervate the retina and increase luminance sensitivity. In this issue of Neuron, Esposti et al. (2013) investigate the mechanisms underlying this interaction to report modulation of synaptic gain and sensitivity in OFF bipolar cells but rarely in ON bipolar cells.
The existence and role of a centrifugal pathway from higher visual centers back to the retina have been controversial issues since the end of the 19 th century. Dogiel and Cajal first described centrifugal nerve axons projecting into the bird retina in the 1880s using Golgi impregnation, and since then centrifugal axons have been identified in a number of other nonmammalian species including fish and amphibians. The existence of centrifugal axons in the mammalian retina, however, has long been disputed (Repé rant et al., 2006) ; the view expressed by many is that central effects on visual responses are mediated at the level of the lateral geniculate nucleus in the thalamus and not by axons extending into the retina. Recent evidence has definitively shown the existence of centrifugal axons entering the mammalian retina, but the number of such axons is exceptionally small, probably explaining why their existence was difficult to demonstrate. In primates, including man, the number given is no more than 25-30 such axons. These axons and their terminals do, however, spread widely across the retina, contain both histamine and serotonin, and are part of the arousal system that projects axons to many brain areas (Gastinger et al., 2005) . The role of these centrifugal axons is not well understood; they are active when an animal is awake, but they also appear to play a role regulating blood vessels and blood flow in the retina.
In other retinas such as birds and fish, the number of centrifugal axons is substantial-10,000 or more such axons in the chicken, for example. In birds, the origin of the axons has been identified (isthmo-optic nucleus of the midbrain) (Cowan and Powell, 1963) , and their synapses are found on cells in the amacrine cell layer of the inner nuclear layer (Dowling and Cowan, 1966) . In several species, other origins of centrifugal axons entering the retina have been identified. Of particular interest are the prominent centrifugal axons entering the fish retina that originate in the olfactory bulb. These axons also innervate many parts of the brain like the centrifugal axons in primates ( Figure 1A ), and they form the terminal nerve (TN) (Zucker and Dowling, 1987) . That the TN has its origins in the olfactory bulb immediately suggests a pathway for interactions between the olfactory and visual systems and the possible modulation of visual input from the retina to the rest of the brain by olfactory stimuli.
As in the bird, the TN fibers terminate in the amacrine cell layer of the retina, on specific cells that contain dopamine and that have been termed interplexiform cells (IPCs) because, unlike classic amacrine cells, they extend processes in both the inner and outer plexiform layers (Figure 1B) (Dowling and Ehinger, 1978) . Such cells are also present in mammalian retinas, differing from fish IPCs in the number of their processes extending into the outer plexiform layer (OPL). Most of the output synapses of the IPCs are found in the OPL, on horizontal cells ( Figure 1B ), but synapses on bipolar cell dendrites are also seen. The TN axons contain two neuropeptides, gonadotropin hormone releasing hormone-like (GnRH) and FMRFamide-like peptides (Stell et al., 1984) . GnRH appears to release dopamine from the IPCs in fish, whereas FMRFamide may decrease DA release by suppressing the effects of GnRH on dopamine release under certain conditions (Umino and Dowling, 1991) .
Dopamine is a ubiquitous neuromodulator in the retina that alters both electrical and chemical synapses, including rod to cone, horizontal to horizontal, amacrine to amacrine, and amacrine to ganglion cell electrical synapses, along with enhancing ionic currents through glutamate channels found on horizontal and bipolar cells. In addition, dopamine has been shown to affect both Ca 2+ and Na + currents in ganglion and bipolar cells. As in many places in nervous systems, dopamine exerts these effects through a cyclic AMP and protein kinase A (PKA) cascade (Dowling, 2012) . To return to the question of possible olfactory modulation of visual signals, Maaswinkel and Li (2003) showed that exposing zebrafish to various amino acids increased their visual sensitivity as measured both behaviorally and via the electroretinogram, a field potential that originates in photoreceptor and bipolar cells of the outer retina. Of the amino acids tested, methionine was the most effective in terms of sensitivity and effect magnitude. Both lesioning the olfactory bulb and destroying the IPCs with 6-hydroxydopamine (6-OH DA) resulted in loss of the effects of olfactory stimulation on visual sensitivity measured behaviorally, providing evidence that the effects induced by olfactory stimulation are mediated by the TN, IPCs, and dopamine.
Subsequently, Huang et al. (2005) showed that olfactory stimulation by methionine modulates retinal ganglion cell activity in zebrafish, and this modulation is blocked by a dopamine receptor antagonist. Further, they showed that dopamine inhibits activity in most ganglion cells, although in some cells it increased activity. They further showed that olfactory stimulation with methionine decreases vitreal dopamine concentrations as well as voltage-and ligandsensitive Ca 2 currents in ganglion cells.
These results suggest that olfactory Esposti et al. (2013) found that methionine reduced the gain but increased the sensitivity of mainly OFF bipolar cells. A few ON bipolar cells were potentiated by olfactory stimulation, but these were the exception (10%). Esposti et al. (2013) demonstrate that these effects are mediated by dopamine by showing that the effects they observe, like other effects of olfactory stimulation on visual phenomena in zebrafish (Maaswinkel and Li, 2003; Huang et al., 2005) , are mediated by the TN modulating the release of dopamine from the IPCs.
Many questions remain. Why do the ON and OFF bipolar cells respond so differently to olfactory stimulation? Both have dopamine receptors, as was demonstrated by experiments that Esposti et al. (2013) carried out using a dopamine agonist. Do the ON and OFF pathways have different sensitivities to DA receptors as Esposti et al. (2013) suggest? Another question is the effect of circadian rhythms on the bipolar cell responses. All of the present experiments were carried out in the morning, following after the results of Maaswinkel and Li (2003) , who showed a strong effect of olfactory stimulation in early morning hours when the circadian clock depresses visual sensitivity but not later in the day when visual sensitivity is maximal (Li and Dowling, 1998) . Does the same phenomenon happen with the bipolar cell responses? And finally, whereas the present and past experiments provide convincing evidence for functional olfactory-visual system interaction, what is its behavioral significance? The terminal nerve has long been implicated in reproductive behavior as well arousal and motivational states. Does the TN innervation of the retina possibly relate to these or other behaviors? Although seemingly far-fetched, one suggestion as to how the TN could affect reproductive behavior is by enhancing color contrast in retinal cells (Walker and Stell, 1986) , and fish use color to identify members of the opposite sex. Some evidence in favor of this idea comes from the observations that the effects of GnRH and FMRFamide on retinal activity vary depending on the season; their effects are weaker during periods of sexual inactivity (Stell et al., 1987) . (A) The cell bodies of the olfactoretinalis terminal nerve (TN) are located bilaterally near the midline at the base of the olfactory bulb, where they send out processes toward the olfactory epithelium and bulb, as well as the telencephalon and optic tectum. TN axons decussate to the contralateral side, where they enter the optic nerve and project into the retina. (B) In the retina, TN centrifugal axons (solid black) ramify in the most distal part of the inner plexiform layer and make extensive synaptic contacts onto the perikarya and proximal dendrites of dopaminergic interplexiform cells (stippled). Dopaminergic interplexiform cells provide extensive synaptic input to horizontal cells, some synaptic input to bipolar cell dendrites in the outer plexiform layer, and to amacrine cells in the inner plexiform layer. The interplexiform cells themselves receive synaptic input from amacrine cells. From Zucker and Dowling (1987) with permission.
